Study by MOA of extra-solar planets in gravitational microlensing events
  of high magnification by Bond, I. A. et al.
ar
X
iv
:a
str
o-
ph
/0
10
21
84
v2
  4
 F
eb
 2
00
2
Mon. Not. R. Astron. Soc. 000, 1–14 (2001) Printed 28 October 2018 (MN LATEX style file v2.2)
Study by MOA of extra-solar planets in gravitational
microlensing events of high magnification
I.A. Bond,1,2 N.J. Rattenbury,1 J. Skuljan,2 F. Abe,3 R.J. Dodd,1,4,5
J.B. Hearnshaw,2 M. Honda,6 J. Jugaku,7 P.M. Kilmartin,1,2 A. Marles,1
K. Masuda,3 Y. Matsubara,3 Y. Muraki,3 T. Nakamura,8 G. Nankivell,5
S. Noda,3 C. Noguchi,3 K. Ohnishi,9 M. Reid,4 To. Saito,10 H. Sato,8
M. Sekiguchi,6 D.J. Sullivan,4 T. Sumi,3 M. Takeuti,11 Y. Watase,12
S. Wilkinson,4 R. Yamada,3 T. Yanagisawa3, and P.C.M. Yock1
1Faculty of Science, University of Auckland, Auckland, New Zealand
2Department of Physics and Astronomy, University of Canterbury, Christchurch, New Zealand
3Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya 464, Japan
4School of Chemical and Physical Sciences, Victoria University, Wellington, New Zealand
5Carter Observatory, P.O. Box 2909, Wellington, New Zealand
6Institute of Cosmic Ray Research, University of Tokyo, Tanashi, Tokyo 188, Japan
7Research Institute of Civilization, Tama 206, Japan
8Department of Physics, Kyoto University, Kyoto 606, Japan
9Nagano National College of Technology, Japan
10Tokyo Metropolitan College of Aeronautics, Tokyo 116, Japan
11Tohoku University, Sendai, Japan
12KEK Laboratory, Tsukuba 305, Japan
Accepted 0000 January 00. Received 0000 December 00
ABSTRACT
A search for extra-solar planets was carried out in three gravitational microlens-
ing events of high magnification, MACHO 98–BLG–35, MACHO 99–LMC–2, and
OGLE 00–BUL–12. Photometry was derived from observational images by the MOA
and OGLE groups using an image subtraction technique. For MACHO 98–BLG–35,
additional photometry derived from the MPS and PLANET groups was included.
Planetary modeling of the three events was carried out in a super-cluster comput-
ing environment. The estimated probability for explaining the data on MACHO 98–
BLG–35 without a planet is < 1%. The best planetary model has a planet of mass
∼ (0.4−1.5)×MEarth at a projected radius of either ∼ 1.5 or ∼ 2.3 AU. We show how
multi-planet models can be applied to the data. We calculated exclusion regions for
the three events and found that Jupiter-mass planets can be excluded with projected
radii from as wide as about 30 AU to as close as around 0.5 AU for MACHO 98–BLG–
35 and OGLE 00-BUL-12. For MACHO 99–LMC–2, the exclusion region extends out
to around 10 AU and constitutes the first limit placed on a planetary companion
to an extragalactic star. We derive a particularly high peak magnification of ∼ 160
for OGLE 00–BUL–12. We discuss the detectability of planets with masses as low as
Mercury in this and similar events.
Key words: Gravitational lensing: microlensing – Stars: planetary systems
1 INTRODUCTION
A remarkable diversity of planetary systems has been un-
covered in recent years through studies of extra-solar plan-
ets (Mayor & Queloz 1995, Marcy & Butler 1998, Perry-
man 2000). Many further studies will be required to obtain
a full understanding of this diversity of planetary systems
and their formation processes. In this paper we report a
study of extra-solar planetary systems using a gravitational
microlensing technique.
Mao and Paczynski (1991) pointed out that extra-solar
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Table 1. Observational datasets used here. The red and blue passband filters used by MOA were 630–1000 nm and 400–630 nm
respectively (Yanagisawa et al. 2000). We used difference imaging analysis on those datasets comprised of raw images. The MPS and
PLANET datasets are based on DoPHOT analyses previously carried out by the respective groups.
Event Telescope Location Passband Number of Data Source
Data Points
MACHO 98–BLG–35 MOA 0.6-m NZ red 162 Images from MOA-camI
MPS 1.9-m Australia R 128 Rhie et al. (2000)
PLANET 1-m S. Africa I 3 PLANET website
PLANET 1-m S. Africa V 5 PLANET website
PLANET 1-m Australia I 20 PLANET website
PLANET 1-m chile I 18 PLANET website
PLANET 1-m chile V 8 PLANET website
MACHO 99-LMC-2 MOA 0.6-m NZ red 341 Images from MOA-camII
MOA 0.6-m NZ blue 346 Images from MOA-camII
OGLE 1.3-m chile I 219 Images provided by OGLE
OGLE 00-BUL-12 OGLE 1.3-m chile I 300 Images provided by OGLE
planets could be detected using gravitational microlensing1,
because the characteristic scale in gravitational microlensing
happens to coincide quite closely with the characteristic size
of the solar system. The characteristic scale of gravitational
microlensing is the radius of the Einstein ring, RE, which is
RE =
√
4GML
c2
×
√
DOLDLS
DOS
. (1)
Here ML denotes the mass of the lens, and DOL, DLS and
DOS the distances from the observer to lens, lens to source
and observer to source respectively. For microlensing events
that occur in the galactic bulge, ML is typically ∼ 0.3M⊙,
and DOL, DLS and DOS are typically about 6 kpc, 2 kpc and
8 kpc respectively. These values imply RE ∼ 1.9 AU. Conse-
quently, if other planetary systems have the same character-
istic size as ours, planets orbiting a lens star may perturb the
lensing, because light from the source star may pass close
to one or more of the planets at some time during a mi-
crolensing event. Gould & Loeb (1992) and Bolatto & Falco
(1994) showed that Jupiter-like planets could be detected
with about 20% efficiency in typical microlensing events if
they are monitored at about hourly intervals with a photo-
metric precision of a few per cent throughout each event.
The PLANET collaboration has used this technique to set
an upper limit on the abundance of Jupiter-like planets of
order 30% (Albrow et al. 2001). This result is consistent with
results obtained independently by radial velocity and tran-
sit measurements (Marcy & Butler 1998, Charbonneau et
al. 2000, Henry et al. 2000, Jha et al. 2000). Bennett & Rhie
(2000) emphasized the detectability of terrestrial planets by
microlensing where they showed that Earth-mass planets
could be detected with about 5% efficiency in typical events
if they are monitored hourly at a photometric precision of
better than 1%.
A modification of the gravitational microlensing plant
search strategy was pointed out by Griest & Safizadeh
(1998) in which planets, including those less massive than
Jupiter, could be detected with high efficiency in microlens-
1 Liebes (1964) may have been the first to consider the detec-
tion of planets by microlensing and also the first to consider high
magnification microlensing events of the type described in this
paper
ing events of high magnification. This occurs when the dis-
tance of closest approach of the lens star to the line-of-sight
to the source star, umin, is much smaller than the Einstein
radius, i.e. when umin ≪ 1 where umin is expressed in units
of RE. In these events a circular, or near-circular, image
generally2 forms around the lens with radius RE at the time
of maximum amplification, and the maximum amplification
Amax ≈ 1/umin ≫ 1. If a planet is orbiting the lens star at a
projected radius of about a few AU at the time of an event,
it will perturb the image, although the perturbation will be
small because most of the image will lie far from the planet
and remain unperturbed. For planets with masses as low as
that of Earth, simulations show (see §5 below) that the per-
turbation may nevertheless be detectable with appropriate
observations. The aim of the present study was to exploit
this sensitivity.
The first analysis of a high amplification event in terms
of planets was reported by Rhie et al. (2000). These authors
reported a low-mass planetary signal (few Earth masses
to few Uranus masses) at a marginal level of confidence
for the event MACHO 98–BLG–35, and excluded Jovian
planets over an extensive region surrounding the lens star.
They also pointed out that further such results in additional
events would provide statistically significant constraints on
the abundance of Earth-mass planets, but that more ac-
curate planetary parameters can be obtained in events in
which a ”planetary caustic” is crossed or approached, which
generally occurs at lower magnifications.
In this paper we report a re-analysis of MACHO 98–
BLG–35, where the data in Rhie et al (2000) obtained by
MOA have been analysed using an improved technique based
on image subtraction and the inclusion of additional data.
We also report analyses of two more events of high magni-
fication, MACHO 99–LMC–2 and OGLE 00–BUL–12. We
note that the event MACHO 99–LMC–2 coincides with the
event OGLE 99–LMC–1 that was found independently by
the OGLE group.
2 The exceptional situation where “caustic crossings” occur is
discussed in §5.
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Figure 1. Fits of empirical PSF profiles to profiles on a sub-
tracted image. The falling fit is for the profile on the first sub-
tracted image at the position of MACHO 98–BLG–35. The hor-
izontal fit is for one of the vast majority of stars that do not
change and are well subtracted. The slope of any fit provides the
∆F measurement, and the standard deviation from the fit pro-
vides a measurement of the quality of the image subtraction.
Figure 2. Sub-region of the reference image used in the difference
imaging analysis of the MOA dataset on MACHO 98–BLG–35.
This image was constructed by combining four of the best seeing
images which occurred during the times of peak brightness of
the event. Also shown are the position of ten objects selected as
check stars. The camera MOA-cam1, with a pixel size on the sky
of 0.65′′, was used for these exposures.
Figure 3. Light curves of ten check stars for MACHO 98–BLG–
35 on the peak night and on the following two nights. Stars 460,
928 and 1823 appear to have varied on both nights 1 and 2. The
presence of thin cloud during the second quarter of the second
night and of thick cloud on the third night is apparent.
2 OBSERVATIONAL DATASETS
Data from the MOA (Abe et al. 1997), OGLE (Udalski et
al. 1997), MPS (Bennett et al. 1999) and PLANET (Albrow
et al. 2001) microlensing groups3 were used in the present
analysis. The datasets are summarized in Table 1. Wherever
possible, we attempted to obtain actual images and analyse
these using an image subtraction procedure to achieve op-
timum photometric precision in the dense stellar fields in
which microlensing is observed. The reduced datasets so ob-
tained are posted at the MOA website.
Observations of MACHO 98–BLG–35 and MACHO 99–
LMC–2 by MOA were made with the cameras MOA-cam1
and MOA-cam2 respectively (Yanagisawa et al. 2000). We
note here that MOA-cam2 was operating in a slightly non-
linear mode during 1999, and that the MOA data on MA-
CHO 99-LMC-2 were corrected for this on a pixel-by-pixel
basis using linearly calibrated stars from observations made
in 2000.
Datasets on MACHO 98–BLG–35 by the MPS and
PLANET groups were included in the present analysis.
These datasets were reduced by these groups using the
3 MOA website: www.vuw.ac.nz.scps/moa/
OGLE website: bulge.princeton.edu/˜ogle/
MPS website: bustard.phys.nd.edu/MPS/
PLANET website: thales.astro.rug.nl/˜planet/
c© 2001 RAS, MNRAS 000, 1–14
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Figure 4. Sub-region of the reference image used in the difference
imaging analysis of the OGLE datasets on OGLE 00-BUL-12 to-
gether with the positions of ten objects selected as check stars.
The event itself is strongly blended on the image. Subsequently, a
number of blended objects were selected as check stars. The plate
scale here is 0.42′′per pixel.
DoPHOT procedure of Schechter et al. (1993) and posted
at their websites. In the case of the MPS dataset, it is the
same dataset that was used previously by Rhie et al. (2000).
In the case of the PLANET dataset, the data used here were
obtained by extracting the unpublished, graphical data at
the PLANET website, and allowing for a time offset of 0.007
day (A. Gould, private communication, 2000). The accuracy
of the graphical extraction was much better than the er-
ror bars on the data. This may be seen by comparing the
PLANET data shown in Fig. 10 of the present paper (see
below) with Fig. 19 of their subsequent publication (Gaudi
et al 2002). The need for the time offset, which was presum-
ably caused by a heliocentric correction and/or simple clock
errors of a few minutes, became clearly evident from com-
parisons of the raw PLANET and raw MPS/MOA datasets
for the event
3 IMAGE SUBTRACTION ANALYSIS
The observations listed in Table 1 by the MOA and OGLE
groups were reduced by an image subtraction procedure.
Data from each telescope in each passband were treated as
separate datasets. For each dataset, the flatfielded images
were first geometrically aligned to an astrometric reference
chosen from amongst the best seeing images. A reference
image for the image subtraction process was then formed by
stacking the very best seeing and signal-to-noise images. The
convolution kernel which relates the seeing on the reference
image to that for a particular image was then determined
using our own implementation of the technique of Alard &
Figure 5. Light curves of ten check stars for OGLE 00-BUL-12
on the peak night. Stars 38 and 42 appear to have varied.
Lupton (1998) for modeling the kernel along with the modi-
fication of Alard (1999) which models the spatial variations
of the kernel across the CCD field of view.
Photometry on the subsequent dataset of subtracted
images was carried out by first constructing an empirical
point-spread-function (PSF) on the reference image using
5–6 bright, isolated stars near the event. A PSF for a par-
ticular image was then formed by convolving the reference
PSF with the appropriate kernel. This PSF was fitted to the
flux profile on the subtracted image at the position of a star
to obtain a “delta-flux” measurement, ∆F . The fit was done
by re-aligning the centroid of the empirical PSF to that of
the ∆F profile on the subtracted image, and performing a
least squares fit to the pixel by pixel cross-plot of the two
profiles. Typical fits are shown in Fig. 1.
The scatter in fits such as those shown in Fig. 1 pro-
vides an indicator of the quality of the image subtractions.
We used the standard deviation from the best fit straight
line as a measurement of the subtraction quality associated
with a given ∆F measurement. In a good quality subtrac-
tion, the profile of an object on the subtracted image should
match that of the PSF on the unsubtracted image, and thus
have a low standard deviation. Uncertainties in the ∆F mea-
surements for any object were determined empirically. The
profile fitting technique was applied to the positions of all
resolved stars in the field. The frame-to-frame statistical er-
rors for any particular object were then determined from
the scatter in the ∆F values for stars with similar profile
standard deviations.
Stars close to the microlensing events were selected as
c© 2001 RAS, MNRAS 000, 1–14
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Table 2. Parameters and statistics of the best single lens fits to the data obtained by the MOA and OGLE groups on the three events
studied here and reduced by image subtraction. The uncertainties given correspond to ∆χ2 = 6.2.
Event tmax tE umin Amax χ
2/dof
JD−2450000 days
MACHO 98–BLG–35 999.15 27.7±∞19.2 0.0103±
0.0539
0.0103 96±
∞
81 329.1/157
MACHO 99-LMC-2 1337.24 61.3±11.49.9 0.0249±
0.0049
0.0041 40.3±
7.8
6.7 1171.2/897
OGLE 00-BUL-12 1635.87 69.4±27.615.4 0.0063±
0.0019
0.0018 159.4±
65.2
36.2 720.4/295
Figure 6. Light curves of the same stars as in Fig. 4 from 1997
to 2000. The stars 38 and 42 are confirmed as being variable on
a time scale of one day.
checks. Fig. 2 shows stars with similar statistical profile er-
rors as MACHO 98–BLG–35, and Fig. 3 shows their light
curves. Figs. 4–6 show similar stars from the OGLE database
on OGLE 00–BUL–12. It is evident from these that the sys-
tematic errors in the image subtraction reduction procedure
are significantly less than the statistical errors, and that the
statistical errors are realistic.
4 SINGLE LENS FITTING
For the datasets that were obtained by image subtraction
the fluxes in any passband were fitted to the function
∆F (t) = FbA(u(t))− Fr (2)
where Fb denotes the baseline flux of the source star, and Fr
is the source flux on the reference image used in the image
subtraction process, which in general contains some lensed
flux4.
The well known amplification factor, A(u), expressed
in terms of the distance u of the lens star from the line-of-
sight to the source star expressed in units of RE, is given by
(Paczynski 1986)
A(u) =
u2 + 2
u
√
u2 + 4
, (3)
where
u(t) =
√
u2min +
(
t− tmax
tE
)2
. (4)
Here umin is the minimum value of u during an event and
tmax is the time of maximum amplification, i.e. the time
when u = umin. The quantity tE is the time scale that char-
acterizes an event. It is equal toRE/vT where vT is the trans-
verse velocity of the lens with respect to the line-of-sight to
the source. In fitting a single lens curve to photometry taken
in one or more passbands for a given event, there are there-
fore three microlensing parameters and two flux parameters
for each passband.
The light curves for the three events are shown in
Figs. 7–9 together with the best single lens fits to the data.
For MACHO 98–BLG–35 only the data obtained by the
MOA group have been included, since these were the only
data to be reduced by image subtraction. The light curve for
this event appears to exhibit substantial deviations from the
single lens fit near its peak, but not at other times, sugges-
tive of the presence of a planet (or planets) orbiting the lens
star. Other possible causes of a deviation near the peak in-
clude the source star being a binary or having starspots. The
binary interpretation seems unlikely (Rhie et al 2000). Also
it would seem that starspots are unlikely to produce pertur-
bations of the same strength as planetary deviations except
in extreme situations (Rattenbury et al 2002, submitted to
MRAS). For MACHO 99-LMC-2 no data were available to
us at the peak, and in this case no apparent deviation from
the single lens light curve is seen. For OGLE 00-BUL-12
there appears to be a possible deviation near the peak. The
parameters and statistics of the single lens fits are displayed
in Table 2.
4 For datasets obtained by DoPHOT a similar equation holds,
viz. F (t) = FbA(u(t))+Fu , where Fu denotes the flux from nearby
unresolved stars that are not recognized by the DoPHOT reduc-
tion procedure as being separate stars, and which are unlensed.
This equation was used to incorporate the data of the MPS group
in the analysis of MACHO 98–BLG–35 presented in §5.1.
c© 2001 RAS, MNRAS 000, 1–14
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Figure 7. Light curve for MACHO 98–BLG–35 obtained by the MOA group in the red passband using subtraction photometry. The
best single lens fit to the data is also shown. Thick cloud cover occurred on the third night, and thin cloud cover was present during the
second quarter of the second night.
We note that the maximum magnification determined
for OGLE 00-BUL-12 by image subtraction, Amax = 159,
is considerably higher than the value of 50 first reported
by the OGLE Early Warning System. It should be noted
that the first analysis was carried out using DoPHOT and
that there is a significant degree of blending present in this
event. This would underestimate the fitted value for the peak
magnification. On the other hand, the light curve presented
here is based on image subtraction photometry and should
be unaffected by blending.
5 PLANETARY MODELING
We used the inverse ray shooting technique of Wambsganss
(1997) to simulate lensing by planetary systems of arbitrary
complexity, by firing photons from the telescope through the
lens system to the plane of the source star. For every compo-
nent of the lens system a deflection 4GM/bc2 was applied,
where b denotes impact parameter. Photons that hit the
source star were retained; those that missed were discarded.
In this way the finite size of the source star was allowed
for, but the lens was treated in the thin-lens approximation.
All the lens components were treated as if they were in a
plane perpendicular to the ray direction. This treatment is
expected to be sufficiently accurate because the dimensions
of the lens system are much smaller than the distances be-
tween the lens and the observer, and the lens and the source.
The general procedure that was followed for planetary
modeling was to calculate the χ2 values of the data for a
broad range of planetary models to find the model with the
smallest χ2. The light curve for any particular planetary
model was calculated using the inverse ray shooting tech-
nique described above. Unless otherwise stated, the compu-
tations for all events corresponded to the following assumed
values of the lens and source star parameters: ML = 0.3M⊙,
DOL=6 kpc, DLS=2 kpc and RS = R⊙. These values corre-
c© 2001 RAS, MNRAS 000, 1–14
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Figure 8. Light curves in the red, blue and I passbands for MACHO 99-LMC-2 on two time scales, and the best single lens fit to the
data. The red and blue passband data are by MOA, and the I passband data are by OGLE. All the images were reduced by MOA using
subtraction photometry as described in section 3.
c© 2001 RAS, MNRAS 000, 1–14
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Figure 9. Light curve in I for OGLE 00-BUL-12 on three time scales, and the best single lens fit to the data. The images were supplied
by the OGLE group and reduced by the MOA group using subtraction photometry.
spond to DOS = 8 kpc and RE = 1.9 AU. The coordinate
system used for the computations is depicted in Fig. 10.
For the planetary modeling, the ratio of planet-to-lens
mass ǫ was initially allowed to vary from 10−7 to 10−3 in 33
approximately equally logarithmically spaced steps for each
event. Similarly, the projected coordinates of a planet xp and
yp at the time of peak magnification were allowed to vary
from −2RE to +2RE in 129 equally spaced steps. Thus a to-
tal of 549,153 planetary configurations was initially trialed
for each event. The trialing was done on a super-cluster com-
puter described by Rattenbury et al. (2002). For each trial,
the χ2 was calculated over the time interval −tE to +tE.
This corresponds to the source star traversing the diameter
of the Einstein ring. Maps of χ2 over the lens plane for the
33 planetary mass fractions were examined to determine ap-
proximate positions and masses of possible planets. Further
minimization, described below, was subsequently carried out
to determine the most likely planetary models.
5.1 MACHO 98–BLG–35
Planetary modeling of MACHO 98–BLG–35 was carried out
using the combined dataset from MOA, MPS and PLANET.
A typical χ2 map is shown in Fig. 11. This corresponds to an
Earth-mass planet (ǫ = 10−5). The minima on these maps
indicate possible positions of planets at the time of the mi-
crolensing event. Maps for heavier (lighter) planets are sim-
ilar, with the minima displaced further from (closer to) the
Einstein ring. The Einstein ring is generally depicted clearly
on these maps, either as a region where planets are strongly
excluded, or where they may be present. The maps also de-
pict a degeneracy that exists in the microlensing method,
namely that planets at projected radii a and 1/a (expressed
in units of the Einstein radius) yield similar light curves,
and hence are indistinguishable in this method (Griest &
Safizadeh 1998).
The χ2 map shown in Fig. 11 for MACHO 98–BLG–35
shows six possible positions for planets orbiting the lens star,
two at position A, two at position B, and two at position C,
where the doubling is caused by the degeneracy noted above.
We have performed model fitting for each combination of
one planet, two planet, and three planet configurations. For
each model we carried out a χ2 minimization allowing all
parameters to vary over small ranges near their initial values.
The total number of free parameters was 8 for one-planet
models, 11 for two-planet models, and 14 for the three-planet
models. The minimization was achieved using the Simplex
procedure. The results are shown in Table 3.
Among the single planet models, model A gives the
best improvement over the single lens with a renormalized
∆χ2 = 63.2. Model B+C is the most favoured of the two
planet models, although the χ2 value is not a significant im-
provement over model A. The improvement in χ2 for the
triple planet model A+B+C is also not significant and as
such there is no need to introduce a third planet. Models A
and B+C appear as the most favourable solutions for the
configuration of the planetary system. While it may seem
that there is no need to introduce a two planet model, we
consider model B+C as an alternative because it is phys-
ically distinct from the single planet model A. The ambi-
guity arises here because the intensive coverage and image
subtraction photometry of the event, shown in Fig. 7, did
c© 2001 RAS, MNRAS 000, 1–14
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Figure 10. Coordinate system used to analyse light curves in
terms of planets orbiting a lens star. The coordinates scales are
in units of the Einstein radius RE.
not cover the entire full-width at half-maximum (FWHM)
of the peak. Full coverage of the FWHM would reduce the
ambiguities (Rattenbury et al. 2002).
We have drawn the light curve for model A in Fig. 12
and for model B+C in Fig. 13 together with the observa-
tional data. The data are plotted in terms of the fractional
deviation from the single lens model due to the stellar com-
ponent defined as
δ =
ASP(tmax, tE, umin, x1, y1, ǫ1, · · ·)− AS(tmax, tE, umin)
AS(tmax, tE, umin)
(5)
Here AS is the amplification due to a single lens given
by Eqns. 2–3. This depends only on the three single lens
parameters tmax, tE, umin. The amplification due to the
star+planet system, ASP, depends upon the single lens pa-
rameters together with the positions and mass ratios of the
component planets. It should be noted that the three param-
eters comprising the single lens component are fitted sepa-
rately for each model. This affects the shape of the profile
of the fractional deviation light curve.
In Fig. 14, we depict an additional view of model A, this
time in the source plane. This shows the contour of infinite
magnification for the event (i.e. the “caustic”). It is seen
that the source star does not pass between the star and the
planet. Hence the perturbation is negative as can be seen in
Fig. 12. It is also seen that the source star does not intersect
the caustic at any time.
Rhie et al. (2000) estimated a radius of 1–3R⊙ for the
source star in this event. We have repeated the above χ2
minimization process for model A using a source radius of
0.004RE(≈ 2R⊙). We obtain best fit values for the planetary
parameters of ǫ = 1.3 × 10−5 at position (0.08, 1.17) with
∆χ2 = 36.1. The effect of increasing the source size serves
to partially wash out the fine structure in the microlensing
light curve near the peak. The improvement in χ2 is then
not as good as those for smaller source radii. These results
indicate a likely source star radius . 2R⊙.
Model B may be seen to correspond to the one previ-
ously found by Rhie et al. (2000) on the basis of DoPHOT
analyses of the MPS and MOA datasets. The inclusion of
the PLANET dataset has served to lower the planetary
−2 −1 0 1 2−2
−1.5
−1
−0.5
0
0.5
1
1.5
2
A
BC
x
y
470
480
490
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540
540
510
Figure 11. Map of χ-squares of the data for MACHO 98–BLG–
35 by the MOA, MPS and PLANET groups for an Earth-mass
planet (ǫ = 10−5) orbiting the lens star at projected radii up to
2RE. The coordinate system is the same as in Fig. 10. There are
three minima interior to the ring, and three corresponding minima
exterior to the ring, labeled A, B and C respectively. These are
the possible positions of terrestrial-mass planets orbiting the lens
star at the time of the microlensing event. Planet positions of
higher likelihood were determined by allowing the planet-to-lens
mass fraction to vary from 10−7 to 10−3 and locating deeper χ2
minima.
mass-fraction of this model from 7.0 × 10−5 to 2.8 × 10−5.
Model B+C may be considered a generalization of the orig-
inal model of Rhie et al. (2000) to which a second, nearby,
very-low-mass planet has been added. The inclusion of a sec-
ond planet as in model B+C gives a significant decrease in
χ2 over the single planet model B with ∆χ2 = 30.0. While
model A is the simplest, we have included model B+C to
illustrate the potential of microlensing to map multi-planet
systems..
Thus far the discussion has been in terms of ∆χ2 values
because these are both convenient for comparing different
models, and because they are less sensitive than absolute
χ2 values to the uncertainties in the measurements. Visual
inspection of Figs. 7 and 12 shows that model O is not a
good fit to the data, and that model A is significantly bet-
ter. Assuming that model A is actually correct, a likelihood
for model O may be estimated by forcing the χ2 of model
A to be the same as the number of degrees of freedom by
renormalizing all the errors by a constant factor.5 This yields
χ2 = 358.0 with 298 degrees of freedom for model O which
corresponds to a deviation of 2.5σ for which the probability
is < 1%. A more satisfactory procedure for interpreting MA-
CHO 98-BLG-35 would be to analyze all the datasets using
difference imaging, determine all the errors self-consistently,
and redo the planetary modelling.
For the two planetary configuration models that we
5 A similar procedure was adopted by Albrow et al. (2001).
c© 2001 RAS, MNRAS 000, 1–14
10 I.A. Bond et al.
Table 3. Parameters and statistics of the best planetary fits to the combined data of the MOA, MPS and PLANET groups from −tE
to +tE for MACHO 98–BLG–35. Model O is the best fit without a planet. The ∆χ
2 values are the normalized values with respect to
model O. The coordinate system is as depicted in Fig. 10. The planetary mass fraction, ǫ, is in units of 10−5. For each set of planetary
coordinates, an alternative set is possible with a planet of the same mass at the inverse radius. For model A, for example, the conjugate
coordinates are (0.07,0.82,1.3).
Model Planet A Planet B Planet C tmax tE umin ∆χ
2
xp yp ǫ xp yp ǫ xp yp ǫ
O - - - - - - - - - 999.1494 20.37 0.013829 0
A 0.11 1.22 1.3 - - - - - - 999.1506 20.32 0.013829 60.0
B - - - 0.30 −1.11 2.8 - - - 999.1499 20.31 0.013964 34.5
C - - - - - - −0.37 −0.86 0.17 999.1493 20.33 0.013898 13.7
A+B 0.16 1.25 0.79 0.35 −1.14 2.8 - - - 999.1499 20.27 0.013837 41.7
B+C - - - 0.30 −1.12 2.6 −0.34 −0.86 0.19 999.1500 20.33 0.013978 57.5
A+C 0.15 1.21 0.99 - - - −0.33 −0.84 0.18 999.1508 20.30 0.013857 47.2
A+B+C 0.19 1.28 0.30 0.34 −1.15 2.9 −0.35 −0.87 0.17 999.1490 20.34 0.013847 56.1
Figure 12. Light curve for the single planet model ”A” of event MACHO 98–BLG–35 together with the data of the MOA, MPS and
PLANET groups. The top figure shows all the data while the lower figure shows the data binned and weight averaged on 0.02 day
intervals. The quantity δ is the fractional deviation of the fit from the lensing star component of the star+planet system. The dip in the
light curve at around day 1.1 is seen in the MOA, MPS and PLANET data.
favour here, model A and model B+C, the renormalized ∆χ2
was around 60 and the number of degrees of freedom were
around 290. Gaudi et al (2002) subsequently proposed set-
ting an alternative detection threshold for low-mass planets,
namely ∆χ2 > 60 irrespective of the number of degrees of
freedom. Howver, as the chance probability depends on the
number of degrees of freedom, we advocate consideration of
this factor. Gaudi et al also noted that heavy planets should
be detected before light planets unless the planetary mass
function is steep. We note that, in the absence of observa-
tional information on the planetary mass function, a steep
function cannot be excluded. Gaudi et al analysed PLANET
data for several microlensing events, including MACHO 98–
BLG–35, and reported no evidence for planets. Our rep-
resentation of their data in Figs. 12 and 13 is consistent
with this. However, it is clear from Figs. 12 and 13 that
the PLANET data, derived using profile fitting photome-
try, are not in conflict with the MOA data, derived using
the more precise image subtraction photometry. As such the
c© 2001 RAS, MNRAS 000, 1–14
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Figure 13. Same as Fig. 12 but for the two planet model B+C.
PLANET data do not rule out the planetary models we con-
sidered in our study.
Exclusion regions for giant planets orbiting the lens star
of MACHO 98–BLG–35 were also computed using the in-
verse ray shooting technique. The χ2 maps for one-planet
models for mass ratios of (ǫ = 2.8× 10−3), (ǫ = 8.5× 10−4)
and (ǫ = 1.3 × 10−4) were computed. These correspond to
Jupiter, Saturn, and Uranus mass planets orbiting a one
third solar mass star. The contours were found where χ2
exceeds its value for the single lens model by 90. This value
was chosen, under the assumption that any excluded model
should have ∼ 20 or more consecutive measurements de-
viating systematically by (1 − 2)σ or more from it. This
threshold would appear conservatice when compared with
the ∆χ2 values for the planetary models. The higher value
was chosen to allow for the fact that the other parameters
tmax, tE, and umin were not allowed to float but were fixed
at the single lens model values in this computation. The ex-
clusion regions so obtained are shown in Fig. 15. It is clear
that a large region surrounding the lens star of MACHO 98–
BLG–35 is devoid of gas-giants like Jupiter or Saturn. Jo-
vian planets with projected radii ∼0.2–15 RE or ∼0.4–30
AU are excluded. A similar result was found previously by
Rhie et al. (2000), but the inclusion of further data and the
use of subtraction photometry have served to enlarge the
exclusions regions.
5.2 MACHO 99–LMC–2
The microlens event MACHO 99-LMC-2 was unusual in that
it is the only high magnification event observed to date that
occurred towards the Magellanic Clouds. It was found inde-
pendently by both the MACHO and the OGLE groups. It
was included in the observing program of the MOA group
because it afforded an opportunity to search for a planet in
an external galaxy, i.e. for an extra-galactic planet, under
the assumption that the event is an example of the “self-
lensing” process of Sahu (1994). In this process, a foreground
star in the LMC lenses a background star in the LMC. We
note, however, that the question of the most likely location
of lenses observed towards the LMC has not yet been settled
(see, for example, Alves & Nelson 2000, Alcock et al. 2001).
The typical value of the Einstein radius for self-lensing
is the same as for galactic bulge events, i.e. ∼ 2 AU. This
follows from Eqn. 1 assuming a typical lens mass ∼ 0.3M⊙
and values of order 48 kpc, 2 kpc and 50 kpc for DOL, DLS
and DOS. Consequently, high magnification events observed
towards the LMC offer similar prospects for planet detection
as they do towards the galactic bulge.
The data for MACHO 99-LMC-2 which are displayed
in Fig. 8 and Table. 2 show no clear evidence for a deviation
from the light curve of a single lens. Consequently, only ex-
clusion regions for giant planets surrounding the lens were
computed. This was done with the procedure used above
for MACHO 98–BLG–35. The exclusion regions so obtained
are displayed in Fig. 16. Jovian planets with projected radii
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Figure 14. Model A of event MACHO 98–BLG–35 viewed in the
source plane. The ”stealth-bomber” shaped line is the ”caustic” or
locus of points where a point source would be infinitely magnified
by the lens system. The source star moves horizontally left-to-
right through the origin. The coordinate units in the source plane
are projected Einstein radii, i.e. R′
E
= (DOS/DOL) × RE. For
any source radius 6 6R⊙, the source star does not intersect the
caustic. Rhie & Bennett (1996), Rhie (1999), and Rhie et al (1999)
discuss further examples of events with similar caustic geometries,
and also the origin of the stealth-bomber terminology.
∼0.4–10 AU are excluded. These results are, to our knowl-
edge, the first limits placed on planetary companions to an
extra-galactic star.
5.3 OGLE 00-BUL-12
The data on OGLE 00-BUL-12 in Fig. 9 and Table 2 show
possible evidence of a deviation from the behaviour of a
single lens. Consequently, they were subjected to the same
analysis as that accorded to MACHO 98–BLG–35. The ini-
tial search with the super-cluster computer yielded several
possible planetary models, but none of these were statisti-
cally significant improvements over the single lens fit. How-
ever, one of them showed interesting behaviour, and this is
reproduced below in Figs. 17 and 18 to illustrate the poten-
tial of the high magnification technique.
The light curve shown in Fig. 17 shows the character-
istic double-spiked behaviour of a caustic crossing. This is
illustrated in Fig. 18 which shows the source plane view of
the model. Here a source radius of 1R⊙ has been assumed.
The combination of high magnification and caustic crossing
occurring simultaneously in one event leads to enhanced sen-
sitivity for planet detection. The planetary mass-fraction for
the light curve in Fig. 17 (ǫ = 0.055× 10−5) corresponds to
a planet of mass similar to that of Mercury orbiting a one-
third solar mass star. The improvement over the single lens
fit corresponds to ∆χ2 = 13.7. We note that further data
were obtained during the peak of this event (Sackett 2001).
These could be analysed by the image subtraction technique
and included in a future analysis of the event, thus reducing
the uncertainties in the present analysis.
Given the limited coverage of this event and the low
statistical significance, we do not present this as a planetary
detection. However, the analysis raises interesting possibili-
ties. The striking feature of this event is its very high peak
magnification of about 160. Light curves such as that shown
in Fig. 17 for a Mercury mass planet should apply to other
events with similarly high magnifications. It can be seen
that such planets can produce deviations from the single
lens by about 1%. Such deviations should be detectable by
a network of 1-m class telescopes providing continuous and
complete coverage of the peaks of high magnification events.
Exclusion regions for gas-giant planets orbiting the lens
of OGLE 00-BUL-12 were also computed. These are shown
in Fig. 19. Jovian planets with projected radii ∼0.2–30 AU
are excluded.
6 DISCUSSION AND CONCLUSION
The original proposal of Griest & Safizadeh (1998) to study
extra-solar planets in gravitational microlensing events of
high magnification has received support from the present
work. It has been demonstrated that terrestrial-mass plan-
ets at orbital radii ∼ 2 AU may be detected with 1-m class
telescopes. The essential requirement is the relentless obser-
vation of the peaks of high magnification events with coordi-
nated telescopes encircling the globe, a relatively straightfor-
ward task. The dense stellar fields in which microlensing is
necessarily observed require special photometric techniques
to take account of the blending of stellar images. Difference
imaging analysis appears to be well suited to this task.
If a concerted effort was made by the microlensing com-
munity to detect and monitor relentlessly future events of
high magnification, it could reasonably be anticipated that
a first approximate measurement of the abundance of terres-
trial planets could be obtained in a few years. If ∼ 10 high
magnification events can be detected per year, a rough mea-
surement or upper limit on the abundance of Earth-mass
planets orbiting ∼0.3M⊙ stars at projected radii ∼1.5–2.5
AU could be obtained in a few years (Bond et al 2002).
As demonstrated here, one might also obtain new informa-
tion on planets as light as Mercury, on extra-galactic plan-
ets, and on gas-giants. Also, multi-terrestrial-planet systems
should be able to be mapped in some cases (Rattenbury et al
2002), rather like the multi-gas-giant systems presently be-
ing mapped by the radial velocity community (Butler et al.
1999). Ultimately, a dedicated wide-angle space-borne tele-
scope such as that planned for the proposed GEST mission
would provide excellent sensitivity towards all solar-system
analogues except Mercury and Pluto (Bennett et al 2002).
It appears likely that none of the three lens objects stud-
ied here contains a Jovian planet. This is consistent with
previous measurements by Marcy & Butler (1998) and of
Albrow et al. (2001) of other systems. The dearth of Jupiter-
like planets enhances the sensitivity of microlensing stud-
ies of terrestrial planets, merely through the lack of “back-
ground” signals from gas-giants.
For all three events further data by microlensing groups
exist that could be analysed using image subtraction and
c© 2001 RAS, MNRAS 000, 1–14
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Figure 15. Exclusion regions for giant planets similar to Jupiter, Saturn and Uranus orbiting the lens star of event MACHO 98–BLG–35.
The coordinate system is the same as in Fig. 10. The reflection symmetry about the Einstein ring that is discussed in §5.1 is evident.
Figure 16. Exclusion regions for gas-giants similar to Jupiter,
Saturn and Uranus orbiting the lens star of event MACHO 99-
LMC-2. The coordinate system is the same as in Fig. 10.
Figure 17. Light curve around the peak of OGLE 00-BUL-12 for
the best low mass planet model fit together with the photometry
measurements derived from image subtraction. The jaggedness
throughout the model curve is small amplitude computational
noise.
incorporated in the planetary modeling. This could be ex-
pected to produce results of greater precision, and to dimin-
ish ambiguities that presently exist in the planetary model-
ing.
The assumptions made in the present analysis on the
masses, sizes and distances of the lens and source stars may
be able to be avoided in the future. When the Next Gener-
ation Space Telescope comes into operation, and as the lens
and source stars in today’s microlensing events begin to di-
verge, it should be possible to measure the lens and source
stellar parameters in these events by elementary photometry
(Rattenbury et al 2002). This being the case, the planetary
modeling would be entirely free of undetermined parame-
ters6
We conclude that coordinated observations using 1-m
class telescopes of gravitational microlensing events of high
magnification are capable of making valuable contributions
to the study of planets orbiting other stars.
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Figure 19. Exclusion regions for gas-giants similar to Jupiter, Saturn and Uranus orbiting the lens star of event OGLE 00-BUL-12.
The coordinate system is the same as in Fig. 9. The outer extremities of the exclusion region for a Jupiter analogue are given by the
reflection symmetry a ∼ 1/a.
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